We explain the origin of surprising lateral interactions between electronegative adatoms observed on some metal surfaces by means of density functional theory calculations of four electronegative atoms (N, O, F, Cl) on 70 surfaces of 44 pristine metals. Four different scenarios for lateral interactions are identified, some of them being unexpected: (i) they are repulsive, which is the typical case and occurs on almost all transition metals. (ii,iii) They are atypical, being either attractive or negligible, which occurs on p-block metals, and (iv) surface reconstruction stabilizes the lowcoverage configuration, preventing atypical lateral interactions. The last case occurs predominantly on s-block metals.
The adsorption of electronegative atoms on metal surfaces is of paramount importance in surface science as well as electrochemistry [1] [2] [3] [4] . As an electronegative atom approaches a metal surface, charge is transferred and it becomes negatively charged. This interaction can be described classically by the method of images, where the adatom/image-charge pair can be seen as a dipole. As more adatoms accumulate on the surface repulsive interactions are expected between them. Such interactions were confirmed for a variety of adatoms on metal surfaces [5] [6] [7] [8] [9] [10] [11] and they typically scale as µ 2 /R 3 ∝ µ 2 Θ 3 2 , where µ is the adatom induced dipole, R is the nearestneighbor interadatom distance, and Θ is the surface coverage. However, in a few cases, notably for electronegative atoms on Mg(001) [12, 13] and O on Al(111) [14] [15] [16] , counterintuitive attractive interactions were identified. In our previous publication [16] we explained that these surprising attractive lateral interactions are a consequence of the interplay between electrostatic and geometric effects and that there exists a critical height of adatoms above the surface, below which attractive interactions can emerge. Since this model-explained in the Supplemental Material [17] and henceforth referred to as the simple ionic model-requires only (i) sufficiently ionic bonding and (ii) a low height of the adatom above the surface, it stands to reason that it should be generally applicable, provided that the two requirements are met.
To address this proposition, the adsorption of four different electronegative adatoms (N, O, F, and Cl) on 44 elemental metals, as indicated in Fig. 1 , is considered by means of DFT calculations, which were performed with the PWscf code from the Quantum ESPRESSO distribution [18] and the PWTK scripting environment [19] , using the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [20] . We used the projector augmented wave (PAW) method [21] with PAW potentials obtained from a pseudopotential library [22, 23] . Kohn-Sham orbitals were expanded in a plane wave basis set with a kinetic energy cutoff of 50 Ry (600 Ry for the charge density). Brillouin zone (BZ) integrations were performed with the special point technique [24] , using a 12×12×1 shifted k-mesh for (1×1) surface cells (or equiv-alent for larger cells) and a Methfessel-Paxton smearing [25] of 0.02 Ry.
Most of the investigated metals crystallize in one of the following three lattice types: face-centered-cubic (fcc), hexagonal-close-packed (hcp), and body-centered-cubic (bcc). The exceptions are In and Sn, which crystallize in tetragonal lattices, as well as Hg and Bi, which crystallize in rhombohedral lattices. For these metals the most stable among fcc, hcp, bcc, or simple-cubic (sc) was chosen as the representative model in order to simplify the calculations. Additionally, α-Mn has a unique bcc lattice with 58 atoms in the unit cell [26] , however, for simplicity we modeled it with a plain bcc lattice. The selected Bravais lattice type for each investigated metal is indicated along with the considered surfaces in Fig. 1 , i.e., (001) for hcp, (110) and (100) for bcc, (100) and (111) for fcc, and (100) for sc metals. In total, we considered 70 different surfaces. The adatoms predominantly adsorb to hollow sites, although for some cases they prefer top or bridge sites: these exceptions are listed in the Supplemental Material in Table S7 [17] .
The adatom binding energy (E b ), as defined by Eq. (S4) in the Supplemental Material [17] , was calculated for (1 × 1) and (2 × 2) adatom overlayers, designated as E , respectively. The difference between the two binding energies (∆ E b ):
was used as the criterion to determine whether lateral interactions are attractive. As to differentiate between attractive (or repulsive) and negligible lateral interactions, we arbitrarily adopt a threshold of 0.1 eV and define interactions to be attractive if
The main result of this work is shown Fig. 2 , which schematically presents the type of lateral interactions for the N, O, F, and Cl adatoms on 70 different surfaces of 44 elemental metals. We find that lateral interactions can be classified into four different groups: (i) the expected repulsive interactions; (ii,iii) the case where the simple ionic model applies and the lateral interactions are either attractive or negligible; and (iv) the case where conditions of the simple ionic model are met, however, surface reconstruction makes the low coverage (2 × 2) overlayer more stable than the high-coverage one. Note that some cases belong to more than one scenario, nevertheless, each specific case is described only by a single category. To this end the following order of precedence is adopted: (1) attractive interactions, (2) reconstruction, and (3) negligible or repulsive interactions. Reconstruction is characterized by metal atoms (ions) nearest to the adatom being substantially displaced toward the adatom thus forming island-like structures on the surface. A typical example is shown in Fig. 3 .
In order to provide a quantitative measure of the extent of surface reconstruction, we defined the reconstruction quotient (f rec ) as:
where A R is the area of the reconstructed "cell" and A (1×1) is the area of the (1 × 1) unit-cell (for a schematic definition of these quantities see Fig. S3 in the Supplemental Material [17] ). Because metal ions nearest to the adatom always respond to its presence (by either moving toward or away from it), we define the surface to be reconstructed only when the f rec is significantly below 1;
we arbitrarily set f rec ≤ 0.9 as the criterion for reconstruction.
In addition to the aforementioned Fig. 2 , which schematically summarizes the results about lateral interactions, E b values for each specific case are tabulated in Tables S1-S6 and plotted along with f rec values in Figs. S6-S10 in the Supplemental Material [17] . In accordance with previous studies [5] [6] [7] [8] [9] [10] [11] , our results reveal that repulsion is the dominant case for electronegative adatoms on d-block metal surfaces with few exceptions, such as Fe (100) as:
where A (1×1) is the area of the (1 × 1) surface cell, R c is the ionic radius of the metal cation, calculated as the average of the effective ionic radii for all coordination numbers of the metal in the lowest cationic oxidation state [27] , and R a is the effective radius of the anion [27] Na(100) (2×2)-O@Na(100) (1×1)-O@Na(100) reconstruction FIG. 3 . An example of surface reconstruction for O on Na(100). For the (2 × 2) overlayer the Na atoms closest to the adatom move toward it so that Na4O islands form. Such reconstruction is not possible for the (1 × 1) overlayer due to symmetry. Such a reconstruction occurs for all metals labeled as "REC" in Fig. 2 , though the extent of reconstruction can vary considerably.
(for a graphical representation of the unoccupied surface area, see Fig. S5 in the Supplemental Material [17] ). The comparison between A usa and A a is presented in Fig. 4 . This figure reveals that alkali metals, Ca, and Sr display the largest A usa and reconstructions typically occur on their surfaces, in particular for N and O adatoms. Furthermore, it is also evident from the figure that A a of Cl − is much larger than A a of the other three adatoms and for this reason reconstructions and attractive interactions are considerably less frequent for Cl adatoms (cf. Fig. 2) . The next relevant observation is that repulsive attraction usually appear when A usa is small, i.e., when A usa A a . This is the case of transition metal surfaces, where repulsive interactions dominate. Finally, if neither A usa A a nor A usa A a applies, then the interactions are likely attractive or negligible. There are, of course, exceptions, because such a simple rule simply cannot encompass all cases.
As a further scrutiny of the utility of the simple ionic model, let us compare the critical height above the surface-i.e., the height above which the simple ionic model predicts that lateral interactions between adatoms are repulsive-with the adatoms heights predicted by DFT calculations (Fig. 5 ). For s-and p-block metals, Fig. 5 reveals that when the adatom height is below the critical height, the lateral interactions are either attractive, negligible, or the surface reconstructs. There are only a few exceptions, i.e., F on Bi(100), O on Tl(001), and N on Tl(001) and Pb(111). The situation is considerably different for transition metals, because for many cases the adatoms are below the critical height, yet the lateral interactions are repulsive. However, transition metals do not fulfill the other requirement of the simple ionic model, that is, the adatom-surface bonding is not sufficiently ionic, due to significant participation of covalent bonding [9, [28] [29] [30] . Note that transition metals are rather electronegative with the work-function typically above 4 eV [31] (see also Fig. S12 in the Supplemental material [17] ); exceptions are group-3 metals, which display lower work-functions, but thereon the lateral inter- actions are usually not predicted by DFT to be repulsive. In the cases denoted as "reconstruction", the lower coverage (2 × 2) adatom overlayer is more stable than the high coverage (1 × 1) overlayer. Our analysis indeed reveals that the superior stability of the (2 × 2) overlayer is by and large due to reconstruction, where the metal ions nearest to the adatom move laterally toward it, forming island-like structures on the surface (cf. Fig. 3 ). For example, O on Na(100) displays a ∆ E b of 1.8 eV. However, if the larger Cl − ion is adsorbed on Na(100), reconstruction is no longer viable and attractive interactions are found with a ∆ E b of −0.2 eV.
The extent to which reconstruction stabilizes the (2×2) overlayer of O on Na(100) was estimated by performing a constrained relaxation, where the lateral coordinates of Na atoms in the topmost layer were constrained to their bulk positions. The resulting ∆ E b reduces from 1.8 eV for the reconstructed structure to 0.2 eV for the constrained structure, which implies that reconstruction stabilizes the (2 × 2) overlayer by 1.6 eV, which is considerable. Notice, however, that even without reconstruction, the (2 × 2) overlayer remains slightly more stable. The reason for the superiority of the (2 × 2) overlayer can be attributed to the large lattice constant of Na that diminishes the magnitude of electrostatic stabilization (the effect is illustrated in Fig. S2 of the Supplemental Material [17] ). Thus the lack of attractive interactions, even when the top layer is constrained, is likely a consequence of diminished stabilization in combination with other effects, not taken into account by the simple ionic model.
To summarize, by performing DFT calculations of the adsorption of four different electronegative adatoms on 70 surfaces of 44 elemental metals, we identified four possible scenarios for the lateral interactions between electronegative adatoms: (i) repulsive interactions (this scenario is typical for d-block metals), (ii, iii) attractive or negligible interactions (this scenario is predominantly found for p-block metals), and (iv) surface reconstruction of the lower coverage (2 × 2) overlayer provides additional stabilization, making it more stable than the highcoverage (1 × 1) overlayer. This case typically occurs on s-block metals.
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